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Compressive stoocimes and fluctuations spaming
uhiguitons in the soli wind. Jnvestipations of these 1lucn
sttu plasma icasurements (Inbilipator and Wolle, 19705 Goldstein and Siscoe, 1077,
INcugchauer of ol 1978; Masch and Tu, 1920) well as remote sensing 1adio
seintilation messmements using both n il radio somees (Hewish,
T715 Coles, TY7R; Woo wud Avmstiong, 1079) The Janier sepnesent essentially o

ouly means for stodying clectron density fiocabons inside 0.3 AU Amongst the wide

trons have heen based onin

{Colos, 1978 Bid and Fdenholer,

range ol radio scmtillation and scattering phenones
1990), Doppler o cauivslently phase seintitlation
usefnl, becavse they not only probe tie fullest range of spatial wavenubers, but also a
hehocentie distanee tange that stais nea the Sunand exiends to near AU To spite ol

sore progaess (Montgomery et al, 1987), the nature of compressive Huctustions s stll

dsterments ive been espectally

not yet fully understood.

Vutations i compressive Huaclations produce tosn e (end
seintillaion measerements, While many of these bandents represent propagating
imtcrplanctiny distibances, some ol whicl diive interplanctiny shocks (Woo and
Avistrong, JORD), others tepresent quast startionsay strocloee such s coronal stecancis,
distinee such as i the cose

necments) in Doppla

ot ase from dynanice evolution with incrcasing heliocenn

plosma o mtcrasction regions. One ol the advantapes of observing solin

ol compiesse



wind stincture nem the Sunis that structuee of solar orrgin cone be readily distinguishe
from that evolving from dynanmie interaction,
With the availablity of more continuous (higher tine tesolution) Doppler seintillation

obscrvations for compaisons with both solae (cop, white Tight coronagraph and sola

magnctic field) and in it plasima mcosorements, thoe is prowing evidence that the
morphology of Doppler santillation is organized by the Tirpe-scale solar magnctic hicld
(Woo and Gavis, TOU3Y. Tu this paper, we provide Tarihicr evidenee ol this morphiology,
which includes the apparent signature of coronal sticamcrs in Doppler seintillation aud
dificiences in the spatia) wavenwmber spectiony of clection density fluctuations between
fast ond slow solse wind, Finally, we stanmmarize the emcrgig global picture of Large
seale solm wind structure based on recentyadio seintiltation and scaticiing resolis,

2 Dopplar Seintillation Measurements of Coronal S canaers

Doppler scintillation is a path integreted measmement thatiesponds (o clection density
fluctuations and solar wind speed tansverse to the 1adio path (Woo ot al,, TU8S).
Conclation of Dopplar sceintillation measuements with solm sowee suface magnetic
frield maps JMocksema and Schener, T8R6) 1eveal thot scmullation tansients e
pencrally obscrved in the vicinity of the neutial Tone nea the Sunc T the case of the
1U84 Pionee Venus measurcinents investigated in Woo and Gazis (1923), tansicnts
ook place over a longitude vange of 90 14070 Howcever, tansicnts lasting only o
fraction o o day (conesponding to an extent ol several degrees), probably rellecting
(hose occoasions on which coronal mass cjection (CME) setivity is cither ahsent or Tow,
slso appen hiequenty. Fwo exanples of these tansicins obscrved by Proneer Venosn
1987 e shown in Fag. T along with the contour mesp of the somce sulace wapnctic
ficld stiength produced by the Wilcox Solim Observatory (see cope, Hovcksema and
Scheirer, 1986) and conesponding o the iclevant Carnngton Rotation CRO17/72. The
conesponding closest approach distances of the Pioneer Venos radio path in soln radn
and AU, shown at the top of the time series pancl, indicite that the S band (13 ¢in
vavelength) mcasucments pobed the selin wind around 35 R The Doppla
seintllation time series in Fage 1 bas been normalized 1o 1 AU by multiplying the
obscrved 1ms Doppler seintillation (3 min values based on 1oper 10 see Dopples
measuements) by RE2 representing a R Y all-off in clection density fluctuation with
heliocentiie distimee R The dots on the mapactic hield map represent the points of
closest approach of the Pioncer Venus radio patl o the indicated days of yea (DOY) ot
0000 U1 mapped back to the surface of the Sun asstming o constmCiadial solar wind
speed of 450 kan/s, For convenicncee of compatison, the time s of the nonmalized
Doppler seintillation has been reversed and displiyed insuch o manner thit DOY Tines
up approsimately with the corresponding dots on the maenctic field anap. As can be
seen, the seintillation tansicnts ocem during crossings of (o1 when the measmements
are very close 10) the neutral line, and in agiecment with previous iesulis (Woo and
Gazis, 1993 1994) Doppler scintillation levels sway from neutial hine (tnd presumably
associated with the fast wind) are depressed and exhibit ow variability.

Coincid mee of the tansicnts in Figo with the nestal Hne topether with the
similanity of their signatures with those of site proton density measarements at the
scetor boundary nem 1 AU (Gosling et all, 1981), indicate thiat the transicnts e the
apparent interplanctary manilestation of coronal sticamers, hesitu frclds and pariicles
meastrements nea T AU also show that mininnns inhelivm abundance, solar wind
(Tow speed and proton tempreratine, coineide with the peak density observed atthe secto



boundmy (Goshng ¢t al., 1981). The tansicnts that dast o hiaction of o day appeat to
show that the slow solar wind cmbedded in the heliospheric conent sheet near 1 AU ¢an
be traced to a small tegion (several degrees wide) nem the neutial line on the Sun,

3. Spatial Wavenmnboer Specthum of Vleetron Density Fluetuations

I situ mcasuiements of proton density fluctvations (but Timited to ficquencics lowe
than 6 x 103 12) in the heliocentiic distanee range of 0.3-1.0 AU by Helios have
shown that compressive tmbulence is significantly ditierent belween high and low-speed
solin wind flows especially near 0.3 AU (Marsely and Tu, 1990). ha the slow wind nea
the sector boundary, compiessive tnbulence is more fully developed and ntense, and
exhibits a spatial wavenumber spectram that is radially invariant and appoxtmately
Rolmogorov. In contrast, fast stream tbulence is sipnilicantly less compressive in
terms of telative density fluctuations, but becomes increasingly compressive as the sol
wind expands, with its density spectiom showing o flatter high frequeney pant tha
evolves with heliocentne distinice,

Radio scintillation and  scattening obscivations complcment these in situo
meastements, because they not only provide the only tneasiiemcnts of the spati
vaventmber spectiom ol clection density fluctoations inside 0.3 AU but over an
extensive ranpe of spatial scoles including seales smaller thim those observed by in sito
measvrements. Yol the general Tack ol sotable shmoltancous solin wind speced
mcastements bas so far precloded disenmnating high and low-speed flows (Woo aud
Avmstiong, 19795 Coles o al., 1091),

That the transients in Figo 1 ocoineide with seetor boundary crossings, where in situ
meostrements beyond 0.3 AU have shown that the solin wind s slow and highly
compressive, strongly sugpests that ot least some of the tonsients identihed in carlics
studies (Coles ¢t al, 1991 represent sinnlan slow solin wind, while the tansient fiee
soku wind more likely represents the fast sbcams, Evidenty, although miany Doppla
scintitlation tansients, especially those during the Iigh activity phase of the solar eyele,
represent interplimetavy disturbances chinactenzed by {ost moving solin wind (Woo and
Schwenn, 1991), those in Vign 1, are associated with the slow solin wind, While
correlations hetween Doppler scintillation near the Sun and o sito solin wind speed
measurcmends nem 1 AU (but Q07 apm it in lonpitode) conducted in 1984 have shown a
close association between some seintiltation tansients in the vicinity ol the neatial line
and the slow solir wind (Woo and Gazis, 1993), more dinect evidence husreeently been
obtained (Woo and Miniin, in prepatation) from solan wind speeds deduoced from Voyagar
I and 2 ntensity scintillation measmements of the new-Sun solar wind doring 1979
1087 (Maiin, 1985).

Although the 1anpe of overlapping spatiol scales is nanrow, furiher suppori comes from
the siimilanity in behavior of density spectia deduced from phose scintillation and spectial
broadening measwrements (Woo and Armstiong, 19795 Coles et al, 1991) inside 0.3 AU
to those obtained from in sito Helios placima measmements beyond 0.3 AU (Marsch and
Tu, 1991). Voyapaer phase seintillation and speetial broadening measurements conducted
in 1979 1980 1eveal that clectron density spechia of transient free (consequently fast wind
as showir i some of cases by velocity estimates deduced from simultancous intensity
scimtillation mcasmaments) tend to be steep (approaimately Kohimogorov) ot larpe
spatial scales (103 100 ko), but which show flattening at sinaller scales (10100 k).
The inflection between the steep and flaticr tegious is abupl and occms o the vicinity ol
100 300 k. In the tansient wind (some ol which corresponds to slow wind as shown



by wind speeds deduced from siimultoucous intensity scintillation mceaswmements), there
is an overall increase in power inthe density spectia at Farge scales and o steepening in
spectia at sinall scales, esuliing in spectia that e not only signihicautly higher than
those of the transient-free solar wind, but which are (as in the case of in sito
measwements for slow wind) approximately Kolinogaroy,

YCis interesting to point out that inflections similar to those observed in the Voyager
measusements were not readily apparent GEat all) in o comprchensive study of the
clection density spectiuin based on 1976 Viking, phase scintillation and spectial
broadening measurenients (Woo and Avstiong, 1979). This can be explained by the
fuct that the Viking radio measorcments took place essentinlly in the ecliptic planc at a
time when the nevtal line was confimed to the vicinity of the celiptic plane (flat
heliospheric curent sheet) so that the 1976 Viking mceasmements observed the slow
solm wind much of the titne, On the other hind, the Voyuger measocinents took place
in 19791987 when the neutral Bine experienced lage Tatitodinal excursions (warped
heliospherie cunent sheet) resulting in the probing of both slow and fast solar wind
flows.

4, Global Pictmre of Vange-Scale Solin Wind Stroctore

This paper presents the apparent interplanctary signatare in Doppler seintillation of
coronal sticomers cmmbedded in the heliospheric current sheet near the Sun.
Manifestation takes the fonm of tansients fosting & fraction of a day snd overlying the
neulial Hine, indicoting o spatial extent of sevaral deprees. This resalt provides the Tink
between measureients of the spatial wavenumber spectiom deduced from radio
sintillation and scattering observations inside 0.3 AT and those obtained fron in sita
proton density measturenents beyond 0.3 AU The cinerging global pictore of Tarpe-
scale solar wind sttucture near the Sun con be somiized as lollows.

Scintiltation measurcinents reveal significantly mote solor wind strocture near the Son
than beyond 0.5 AU Much of this structe can be traced 1o the Targe contrasts in sola
wind properiies between fost-sticam and slow solin wind flows, whose boundianies tend to
be abrupt. New the Sun, slow wind flows ate associsted with the neatral Tine, and show
high levels and Ligh variability of compressive Huctoations, whose spatial wavenumbes
spectrm is close to Kolhmogorov, The vaniability during solar minhnum conditions
appears (o be closely associated with coronal mass cjection activity and related (o the
high variability of helivm abundinee charactenstic of slow wind flow at 1 AL

On the other hand, Tast-shieamn sola wind is obscrved away from the neotral Tine (at
lanpe heliomagnetic Tatitudes), Teeahibits conspicuonsly Jow Tevels aud low vaniability
of compessive fluctuations, whose spectra tend to show enhancements (or speetiom
flattening) at small spatial scales. Viriations in miass flux are low (Woo and Gavig,
1994). Duing solan mininnnn conditons, when polat coronal holes serve as somces of
polwr fast sticams and slow wind is confined ninly 1o the cquatorial region, the
diltciences in fastand stow wind ave tanifested s latitudinal vanjation showing pole-to
cauator incieases inmass ux and pole-to cquator decrcases in solae wind speed (Woo and
Goldstein, 1994).

Becanse of physically separate sources at the Sun, the contrast between the properiies
of high- and low-speed solar wind is highest near the Snnc As the sokn wind eapands,
dynamic interaction between the two flows leads 1o the crosion of this contrast.
Evolution is greatest in the celiptic plane, and is manifested by (1) anincrease in
compressivity of fast strcam twbulence with heliocentiie distance (Marsch and T,
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1991), (2) a tiend showing decrcasing differences withheliocentiie distance between the
intensity and spatial wavenumber speetra of density fluctuations of both flows (Masch
and Tu, 1991; Woo and Gavis, 1993, 1994), (3) a gradual increase in mass flux with
heliocentiic distance in fast sticais (Schwenn, 1990 Woo and Gazis, 1994), and (4) @
cotresponding decrease in mass flux with heliocentrie distance in the slow soln wind
(Schwenn, 1990).

Although contrasting high- and low-speed soln wind are most evident near the Sun
near sola minimum conditions when large-scale solar magnetic ficld configmations we
most stable and coronal mass cjections least frequent (Howard et al,, 1986; Hundhavsen,
1993), 1esults obtained o date indicate that they are discanible at other times of the
solar cycle, both in and out of the ecliptic planc.

1t is portant to ciphasize that while the general morphology of scintillation is
emerging, further on-going studies will clucidate the radial evolution of the
interplanctary manifestation of coronal sticamers, the noture and tadial evolution of
compressive fluctoations nea the Sun, the reltationship of compiessive flutuations nea
the Sun to those in the helhiospherie cunent and heliospherie plasig (Winterhalter et al.,
1994) sheets beyond 0.3 AU, and the intarplanctury manifestation ol coronal mass
cjections.,
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Figuie Caption

Fig. I Contowr map of the source suiface magnetic field stee npth produced by Wilcox
Solar Obser vatory conresponding to Canington Rotation 1-/772. “Time series of
notalized Doppler scintillation obtained by multiplying the obscr ved 3 min nins
Dopples scintillation (based on 1 per 10 see Doppler data) by RIS, and 1efering the
1esults back to the Sun assuiing a constantadial solaiwind speed of 450 kni/s.
Corresponding heliocentiic distances in solaradii and AU we indicated at top of the
pancl. The time axis isteversed andthe time series is approximately aligned with the
coucsponding trace of the closest approach point of thetadio path oan the contourmap
indicated by the dots.
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